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(57)  An angular velocity sensor, which is able to re-
duce the variations of driving resonance frequency of the
vibrator and to improve the reliability of the sensitivity of
detection signal with respect to the angular velocity ap-
plied, is provided. The angular velocity sensor comprises
an vibrator, and a tuning-fork as the vibrator is formed of
a silicone substrate with crystal orientation (100) as its
main face, and a side face nearly perpendicular to the
driving direction (X direction) of the arm of the tuning-fork
corresponds to a crystal orientation where elastic mod-
ulus is less dependent on azimuth angle.
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Description
TECHNICAL FIELD

[0001] The present invention relates to an angular velocity sensor used in an attitude control, navigation system or
the like such as an aircraft, automobile, robot, ship, vehicle, etc.

BACKGROUND ART

[0002] As a conventional angular velocity sensor, well-known is the one disclosed in U.S. Patent No. 5438231. The
angular velocity sensor will be described with reference to Fig. 8.

[0003] Fig. 8 is a perspective view of a conventional angular velocity sensor. In Fig. 8, angular velocity sensor 101
comprises tuning-fork 102 made from non-piezoelectric material such as silicone, lower electrode 106 disposed on arm
103, arm 104, substrate 105, and arm 103, lower electrode 107 disposed on arm 104, piezoelectric thin film 108 disposed
on lower electrode 106, piezoelectric thin film 109 disposed on lower electrode 107, upper electrode 110 and upper
electrode 111 disposed on piezoelectric thin film 108, upper electrode 112 and upper electrode 113 disposed on piezo-
electric thin film 109. And, applying AC voltage the upper electrodes 110, 111, 112, and 113 causes the tuning-fork 102
to resonate.

[0004] Thetuning-fork 102 of the above angular velocity sensor 101 has two perpendicular oscillation modes (oscillation
mode in X direction and oscillation mode in Z direction). The tuning-fork 102 is driven in only one oscillation mode (for
example, oscillation mode in X direction). In this condition, when rotational angular velocity is applied about the axis (Y
axis) perpendicular to the axes (X axis, Z axis) of the two perpendicular oscillation mode, the tuning-fork 102 is excited
in another (Z-direction) oscillation mode due to Corioli’s force. The angular velocity sensor 101 utilizes this principle. In
the configuration of such angular velocity sensor 101, in order to obtain highly reliable detection signal with respect to
the angular velocity applied, the resonance frequencies in the two perpendicular oscillation modes (oscillation mode in
X direction and oscillation mode in Z direction) of the tuning-fork 102 are required to be apart from each other. However,
for improving the sensitivity of the detection signal with respect to the angular velocity applied, it is advantageous that
the resonance frequencies in the two perpendicular oscillation modes (oscillation mode in X direction and oscillation in
Z direction) of the tuning-fork 102 are close to each other. That is, from the viewpoint of reliability and sensitivity of the
detection signal with respect to the angular velocity applied, the two resonance frequencies are desirable to be close
enough to each other to such extent that they are free from coupling. However, regarding the sensitivity and reliability
of the detection signal with respect to the angular velocity applied, there has been no documents that include consider-
ations from the viewpoints of difference in elastic modulus depending upon the crystal orientation of the material for the
tuning-fork and of resonance frequencies, including the above-mentioned U.S. Patent No. 5438231.

[0005] The above-mentioned matter is described in detail in the following. Resonance frequency f is represented by
(formula 1), where c is elastic modulus, p is density, d is arm width, and 1 is arm length.

f o f{c/p) * d/1? (formula 1)

[0006] In the above (formula 1), it is clear that the resonance frequency in the X-direction oscillation mode of the
tuning-form 102 varies with elastic modulus c. In the case of the conventional angular sensor, there has been a problem
such that elastic modulus c in the X direction (driving direction) of the tuning-fork 102 varies depending upon the face
selected as a crystal orientation at the side of arm 103, 104, resulting in variation of the sensitivity of detection signal
with respect to the angular velocity applied and lowering the reliability.

DISCLOSURE OF THE INVENTION

[0007] An angular velocity sensor comprising an vibrator,

wherein the vibrator is formed of a silicone substrate having a crystal orientation (100) as a main face, and a face nearly
perpendicular to the driving direction of the vibrator corresponds to a crystal orientation where elastic modulus is less
in variation as against deflection of azimuth angle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]
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Fig. 1 is a perspective view of the preferred embodiment 1 of the angular velocity sensor of the present invention.
Fig. 2 is a sectional view along A - A of the angular velocity sensor shown in Fig. 1.

Fig. 3 is a layout drawing of angular velocity sensors in a silicone substrate in the present invention.

Fig. 4 is a crystal orientation diagram of a silicone substrate.

Fig. 5is a characteristic graph showing the relationship between elastic modulus and azimuth of the silicone substrate.
Fig. 6 A to Fig. 6 H show the manufacturing steps described by using the D - D section of Fig. 3 for the angular
velocity sensor of the present invention.

Fig. 7 is a layout in the silicone substrate in the preferred embodiment 2 of the angular velocity sensor of the present
invention.

Fig. 8 is a perspective view of a conventional angular velocity sensor.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0009] The present invention is intended to solve the above problems of the conventional system, and the object of
the invention is to provide an angular velocity sensor which is able to reduce the variations of driving resonance frequency
of the vibrator and to improve the reliability of the sensitivity of detection signal with respect to the angular velocity applied.
[0010] The preferred embodiments of the present invention will be described in the following with reference to Fig. 1
to Fig. 7. The angular velocity sensor of the present invention has an vibrator, but in the preferred embodiment shown
below, an example using a tuning-fork as an vibrator is described.

(Preferred embodiment 1)

[0011] Fig. 1is a perspective view of an angular velocity sensor in the preferred embodiment 1 of the present invention.
Fig. 2 is a sectional view of the angular velocity sensor along the A - A line of Fig. 1. Fig. 3 is an layout drawing of angular
velocity sensors in a silicone substrate. Fig. 4 is a crystal orientation diagram of a silicone substrate shown in Fig. 3.
Fig. 5 is a characteristic graph showing the relationship between the elastic modulus and azimuth angle of the silicone
substrate shown in Fig. 3.

[0012] Arrow X, arrow Y, and arrow Z of Fig. 1 represent three perpendicular directions respectively. Also, in the
following description, the arrow X, arrow Y, and arrow Z are respectively referred to as direction X, direction Y, and
direction Z as well. As shown in Fig. 1, Fig. 2, and Fig. 3, tuning-fork 4 as an vibrator having two parallel arms, arm 1
and arm 2, and base 3 which connects these two arms, arm 1 and arm 2, is made of silicone that is non-piezoelectric
material. Main face 5 of tuning-fork 4 corresponds to crystal orientation (100) of silicone substrate 30. Also, on the basis
of orientation-flat 31 of silicone substrate 30 shown in Fig. 3, the main face 5 is configured in that respective side 6 and
side 7 of the arm 1 and arm 2 correspond to crystal orientation (001), and a face perpendicular to the lengthwise direction
(Y direction) of arm 1 and arm 2 corresponds to crystal orientation (010). The first electrode 10 is located at the main
face 5 of arm 1 and disposed inside the center line 8 of arm 1. The second electrode 11 is located at the main face 5 of
arm 1 and disposed outside the center line 8. The first electrode 10 and the second electrode 11 are spaced apart from
each other. The first electrode 12 is located at the main face 5 of arm 2 and disposed inside the center line 9 of arm 2.
The second electrode 13 is located at the main face 5 of arm 2 and disposed outside the center line 9. The first electrode
12 and the second electrode 13 are spaced apart from each other. The first piezoelectric thin films 14, 16 are located
inside the center lines 8, 9 respectively, and disposed on the first electrodes 10, 12 respectively. The second piezoelectric
thin films 15, 17 are located outside the center lines 8, 9 respectively, and disposed on the second electrodes 11, 13
respectively. The third electrodes 18, 20 are disposed on the first piezoelectric thin films 14, 16 respectively. The fourth
electrodes 19, 21 are disposed on the second piezoelectric thin films 15, 17 respectively.

[0013] The driving section comprises the first electrodes 10, 12, the second electrodes 11, 13, the first piezoelectric
thin films 14, 16, the second piezoelectric thin films 15, 17, the third electrodes 18, 20, and the fourth electrodes 19, 21.
[0014] The fifth electrode 22 is located at the main face 5 of arm 1 and disposed a little closer to the base 3. Also, the
fifth electrode 22 is spaced apart from the first electrode 10 and the second electrode 11. The sixth electrode 23 is
disposed on the third piezoelectric thin film 26 disposed on the fifth electrode 22. The third piezoelectric thin film 26 is
hidden by the sixth electrode 23 and invisible in Fig. 1 and Fig. 3, but it is revealed in the sectional view of Fig. 6D.
Similarly, the fifth electrode 24 is located at the main face 5 of arm 2 and disposed a little closer to base 3. Also, the fifth
electrode 24 is spaced apart from the first electrode 12 and the second electrode 13. The sixth electrode 25 is disposed
on the third piezoelectric thin film 27 disposed on the fifth electrode 24. The third piezoelectric thin film 27 is hidden by
the sixth electrode 25 and invisible in Fig. 1 and Fig. 3, but it is revealed in the sectional view of Fig. 6D.

[0015] The detecting section comprises the fifth electrodes 22, 24, the third piezoelectric thin films 26, 27, and the
sixth electrodes 23, 25.

[0016] The angular velocity sensor 51 is configured as described above.

[0017] The operational principle of the angular velocity sensor. 51 will be described in the following.
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[0018] In Fig. 1 and Fig. 2, when DC voltage of about 20V is applied respectively between the first electrode 10 and
the third electrode 18, between the first electrode 12 and the third electrode 20, between the second electrode 11 and
the fourth electrode 19, and between the second electrode 13 and the fourth electrode 21, then polarization takes place
in a constant direction with respect to the first piezoelectric thin films 14, 16 and the second piezoelectric thin films 15,
17. Similarly, when DC voltage of about 20V is applied respectively between the fifth electrode 22 and the sixth electrode
23, and between the fifth electrode 24 and the sixth electrode 25, then polarization takes place in a constant direction
with respect to the third piezoelectric thin films 26, 27.

[0019] For example, when DC voltage is applied so that the first electrodes 10, 12, the second electrodes 11, 13, and
the fifth electrodes 22, 24 become higher in electric potential, then the polarization of the first piezoelectric thin films 14,
16, the second piezoelectric thin films 15, 17, and the third piezoelectric thin films 26, 27 takes place in a direction from
the first electrodes 10, 12, the second electrodes 11, 13, and the fifth electrodes 22, 24 toward the third electrodes 18,
20, the fourth electrodes 19, 21, and the sixth electrodes 23, 25. The direction of polarization is maintained in a constant
direction even with the application of DC voltage discontinued. This is called spontaneous polarization. In case the first
piezoelectric thin films 14, 16, the second piezoelectric thin films 15, 17, and the third piezoelectric thin films 26, 27 have
such spontaneous polarization, and the third electrodes 18, 20, the fourth electrodes 19, 21, and the sixth electrodes
23, 25 are higher in electric potential than the first electrodes 10, 12, the second electrodes 11, 13, and the fifth electrodes
22, 24, then the first piezoelectric thin films 14, 16, the second piezoelectric thin films 15, 17, and the third piezoelectric
thin films 26, 27 respectively act in the direction of relieving the polarization. Accordingly, the first piezoelectric thin films
14, 16, the second piezoelectric thin films 15, 17, and the third piezoelectric thin films 26, 27 shrink in a direction parallel
with polarization and expand in a direction perpendicular thereto. On the contrary, in case the third electrodes 18, 20,
the fourth electrodes 19, 21, and the sixth electrodes 23, 25 are lower in electric potential than the first electrodes 10,
12, the second electrodes 11, 13, and the fifth electrodes 22, 24, then the first piezoelectric thin films 14, 16, the second
piezoelectric thin films 15, 17, and the third piezoelectric thin films 26, 27 expand in a direction parallel with polarization
and shrink in a direction perpendicular thereto.

[0020] Accordingly, the first electrode 10 being GND electrode or virtual GND electrode, when AC voltage is applied
to the third electrode 18, the first piezoelectric thin film 14 expands and shrinks in Y-axis direction. Described above is
the driving section arranged inside on the arm 1, and similar operations are executed with respect to the driving section
disposed outside on the arm 1, and the driving sections disposed inside and outside on the arm 2.

[0021] Also, with AC voltages different in phase by 180° from each other applied to the third electrode 18 and the
fourth electrode 19 shown in Fig. 1 and Fig. 2, the first piezoelectric thin film 14 expands, while the second piezoelectric
thin film 15 shrinks. On the contrary, when the first piezoelectric thin film 14 shrinks, the second piezoelectric thin film
15 expands.

[0022] On the basis of the above principles, AC voltages same in phase being applied to the third electrodes 18, 20,
and opposite in phase to the third electrodes 18, 20 being applied to the fourth electrodes 19, 21, the arm 1 and the arm
2 are subjected to tuning-fork oscillation in a direction (X direction) opposite to each other.

[0023] Also, the arms 1, 2 have resonance frequencies depending upon the shape. When the frequency of AC voltage
applied to the third electrodes 18, 20 and the fourth electrodes 19, 21 is equalized to the resonance frequency of the
shape, the arms 1, 2 are driven to resonate in the X direction (driving direction) of the arm 1, 2. When angular velocity
is applied along Y axis in a state of resonation in X direction (driving direction), the arms 1, 2 flex reversely to each other
in Z direction (detecting direction) due to Corioli’s force. Such flexure causes reverse electric charge to be generated at
the third piezoelectric thin films 26, 27 respectively disposed on the arms 1, 2. The reverse electric charge is detected
by the sixth electrodes 23, 25, thereby obtaining an output corresponding to the angular velocity applied.

[0024] The arm 1, 2 has an oscillation mode for moving in X direction (driving direction) and an oscillation mode for
moving in Z direction (detecting direction). With the two oscillation modes set to same frequency, resonance is generated
at the detection side (Z direction) as well due to driving resonation, and it becomes difficult to distinguish distortion
generated due to Corioli’s force. Therefore, it is necessary to suppress the coupling of resonance frequency at the
detection side (Z direction) and resonance frequency at the driving side (X direction) by setting the resonance frequency
at the detection side (Z direction) to a level slightly different from the resonance frequency at the driving side (X direction).
[0025] However, ifthe frequency is set to a greatly different level, even when Corioli’s force is generated at the detection
side (Z direction), great oscillation will not be generated at the detection side (Z direction) because the reconance
frequency at the detection side (Z derection) is apart from the resonance frequency at the driving side (X direction). That
is, it is necessary to set the resonance frequency at the driving side (X direction) and the resonance frequency at the
detection side (Z direction) apart from each other to such extent that they are free from coupling, and to set both
frequencies close to each other in order to enhance the sensitivity at the detection side (Z direction).

[0026] In the present preferred embodiment, an example of a configuration wherein the width in the driving direction
(X direction) of the arm 1, 2 is greater than the thickness in the detecting direction (Z direction) is described in the
following. As shown in Fig. 2 as an example, the width of arm 1, 2 is 0.2mm, and the thickness is 0.19mm. The resonance
frequency in the driving direction (X direction) of the tuning-fork 4 is 22 kHz for example, and the resonance frequency
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in the detecting direction (Z direction) is 20 kHz for example.

[0027] As shown in Fig. 4, the crystal orientation (100), crystal orientation (010), crystal orientation (001) of silicone
are in perpendicular relation with each other, and < 010 > azimuth and <011> azimuth, <011> azimuth and <001>
azimuth are respectively 45° different from each other.

[0028] Also, Fig. 5 shows the relationship between the face angle and elastic modulus of silicone. The horizontal axis
represents the azimuth angle on the basis of <010> azimuth, and the vertical axis represents the elastic modulus. As
shown in Fig. 5, the elastic modulus of crystal orientation (100) silicone, near <010> azimuth (around azimuth angle 0°),
near <011> azimuth (around azimuth angle 45°), and near <001> azimuth (around azimuth angle 90°), is less in variation
as against the azimuth angle. <010> azimuth and <001> azimuth are same in elastic modulus. Thus, regarding the
elastic modulus of silicone of crystal orientation (100), in cycles of azimuth angle 45°, the elastic modulus is rather less
dependent on the azimuth angle, and elastic modulus itself varies in cycles of face angle 90°. That is, as shown in Fig.
3, the lengthwise direction (Y direction) of the arm 1, 2 of the tuning-fork 4 three-dimensionally formed by using the
silicone substrate 30 of crystal orientation (100) is configured to be <010> azimuth, and then, the driving direction (X
direction) of the tuning-fork 4 corresponds to <001> azimuth. Also, since the detecting direction (Z direction) is <100>
azimuth, in the driving mode in the driving direction (X direction) and detecting direction (Z direction), the elastic modulus
can be nearly equalized and it is possible to lessen the variation of elastic modulus as against the deflection of azimuth
angle. Accordingly, the variation of resonance frequency in the driving direction (X direction) is reduced and the accuracy
can be improved, and as a result, the sensitivity of detection signal of the angular velocity applied will be improved in
reliability. Also, similar effects can be obtained when the lengthwise direction (Y direction) of arm 1, 2 of the tuning-fork
4 is configured to be <001> azimuth so that the driving direction (X direction) corresponds to <010> azimuth.

[0029] In the above description, aiming at the crystal orientation (100), the relationship between azimuth <100>,
azimuth <010>, azimuth <001> at crystal orientation (100) and elastic modulus is described. Also in the case of crystal
orientation (010) or crystal orientation (001), elastic modulus varies depending upon azimuth <100>, azimuth <010>,
and azimuth <001>. This is because the crystallizability of silicone has a symmetrical axis, and <100>, <010> and <001>
are symmetrical axes. Therefore, in the present invention, the main face is (100), but it is also preferable to be (010) or
(001). And in this case, only the name of azimuth is changed for convenience sake, including no substantial differences
at all. Namely, when a crystal orientation is determined, it directly determines the corresponding three azimuths. And
also, at the two crystal orientations, the relationship between azimuth angle and elastic modulus is equivalent to the
relationship shown in Fig. 5.

[0030] Next, the method of manufacturing an angular velocity sensor in the present preferred embodiment will be
described in the following.

[0031] Fig. 6A to Fig. 6H are the manufacturing steps described by using the D - D section of the angular velocity
sensor shown in Fig. 3.

[0032] AsshowninFig.6A, silicone substrate 30 of crystal orientation (100) and about 200 p.m in thickness is prepared.
Subsequently, as shown in Fig. 6B, an alloy layer of noble metal and liable-to-oxidize material is formed in thickness of
about 2000A by sputtering or vacuum evaporation on the main face 5 of silicone substrate 30. As the alloy layer of noble
metal and liable-to-oxidize material, platinum (Pt) - titanium (Ti), iridium (Ir) - titanium (Ti) or thae like is available. Lower
electrode layer 40 is formed in this way. Further, on the lower electrode layer 40 is formed by sputtering piezoelectric
material such as lead titanate zirconate (PZT) in thickness of about 1 to 4 um, thereby forming piezoelectric thin film 41.
On the piezoelectric thin layer 41 is formed by sputtering or vacuum evaporation upper electrode layer 42 made from
materials such as gold (Au), chrome (Cr), aluminum (Al), copper (Cu), and titanium (Ti) in thickness of about 2000A.
[0033] Next, as shown in Fig. 6C, resist 43 is patterned on upper electrode layer 42. The resist 43 is patterned for the
purpose of forming the predetermined shapes, that is, the third electrode 18, 20, the fourth electrode 19, 21, the sixth
electrode 23, 25, the first piezoelectric thin film 14, 16, the second piezoelectric thin film 15, 17, and the third piezoelectric
thin film 26, 27 by means of photolithography technology. Subsequently, the upper electrode layer 42 and the piezoelectric
thin film 41 are etched as shown in Fig. 6D. And, as shown in Fig. 6E, the resist 44 is patterned. The resist 44 is formed
for the purpose of forming the predetermined shapes, that is, the first electrode 10, 12, the second electrode 11, 13, and
the fifth electrode 22, 24 by means of photolithography technology. The resist 44 is formed and patterned so as to cover
the third electrode 18, 20, the fourth electrode 19, 21, the sixth electrode 23, 25, the first piezoelectric thin film 14, 16,
the second piezoelectric thin film 15, 17, and the third piezoelectric thin film 26, 27. Thus, the lower electrode layer 40
is etched into a predetermined shape as shown in Fig. 6F.

[0034] Next, as shown in Fig. 6G, resist 45 is patterned, which is formed so as to cover the first electrode 10, 12, the
second electrode 11, 13, the fifth electrode 22, 24, the first piezoelectric thin film 14, 16, the second piezoelectric thin
film 15, 17, the third piezoelectric thin film 26, 27, the third electrode 18, 20, the fourth electrode 19, 21, the sixth electrode
23, 25, and the main face 5 of silicone substrate 30. The resist 45 is patterned for the purpose of forming the tuning-fork
4 made from silicone of a predetermined shape by using photolithography technology. And, as shown in Fig. 6H, the
silicone substrate 30 is subjected to inductive coupling type reactive ion etching.

[0035] Inthe above method of manufacturing an angular velocity sensor, when the resist 43, 44, and 45 shown in Fig.
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6C, Fig. 6E, and Fig. 6G are patterned, the position of orientation-flat 31 is <011> azimuth as shown in Fig. 3, and the
position of the orientation-flat 31 is adjusted in relation with the photo mask, patterning is executed so that the side faces
46, 47 of the arms 1, 2 correspond to crystal orientation of (001). Also, since the width of arm 1, 2 shown in Fig. 6H is
a little greater than the thickness of silicone substrate 30, the resonance frequency of the driving side (X direction) is
higher than the resonance frequency of the detecting side (Z direction).

[0036] When the induction coupling type reactive ion etching is executed on the silicone substrate 30, two kinds of
gasses are used at least. Two or more kinds of gasses at least include a gas that promotes etching and a gas that
suppresses etching. Thus, the promotion and suppression of etching can be accurately executed. As a result, etching
can be executed only in a direction perpendicular to the main face 5 of silicone substrate 30. Subsequently, side faces
46, 47 perpendicular to the main face 5 of silicone substrate 30 can be obtained.

[0037] Further, as shown in Fig. 6H, tuning-forks 4 are arranged in the silicone substrate 30 at nearly same intervals
D1, D2, D3. Thus, the reactive ion etching executed is uniform in width, resulting in a stable state of etching, and the
cut section of the tuning-fork 4 is enhanced in verticality. That is, the dimensional accuracy of width is improved with
respect to the machining method of arms 1, 2, and the resonance frequency in the driving direction (X direction) of the
tuning-fork 4 becomes less in variation, thereby ensuring higher accuracy, and the sensitivity of detecting the angular
velocity applied is further improved in reliability.

[0038] In the present preferred embodiment, described is an example using platinum (Pt) - titanium (Ti) or iridium (Ir)
- titanium (Ti) for the lower electrode layer 40 as the first electrode, the second electrode, and the fifth electrode. However,
as the lower electrode layer 40, it is more preferable to comprise Ti layer disposed at the bottom (silicone 30) side and
Pt - Ti layer or Ir - Ti layer disposed at the top (the first piezoelectric thin film 14, 16, the second piezoelectric thin film
15, 17, the third piezoelectric thin film 26, 27) side. In this configuration, the Ti layer is in tight contact with silicone and
Pt-Tilayerorlr-Tilayer,and the Pt-TilayerorIr - Tilayer can improve the orientation of piezoelectric thin film such as PZT.
[0039] Also, in the present preferred embodiment, a configuration with piezoelectric thin film 41 directly disposed on
the lower electrode layer 40 made from platinum (Pt) - titanium (Ti) or iridium (Ir) - titanium (Ti) is described as an
example. However, it is more preferable to be configured in that lead titanate layer with lanthanum (La) and magnesium
(Mg) added, (so-called PLMT), is disposed between Pt - Ti layer and piezoelectric thin film. Due to this configuration, it
is possible to widen the allowable range of the manufacturing conditions in order to obtain proper orientation of piezo-
electric thin film such as PZT.

[0040] Also, in the present preferred embodiment, described is an example using lead titanate zirconate (PZT) as
piezoelectric thin film. However, it is also possible to form the piezoelectric thin film by using lead titanate zirconate (PZT)
type to which is added at least one of those selected from magnesium (Mg), niobium (Nb), and manganese (Mn). Due
to this configuration, same as for PZT, the piezoelectric constant of the piezoelectric thin film is larger, the electric-
mechanic conversion efficiency is higher, and it is possible to improve the sensitivity of detection signal with respect to
the angular velocity applied. Also, in the present preferred embodiment, the piezoelectric thin film 41 comprises PZT or
PZT type to which is added at least one of those selected from Mg, Nb, Mn. One face of the crystalline structure of the
piezoelectric thin film 41 is preferentially oriented in parallel with the main face of arm 1, 2. According to the level of
preferential orientation,, the angles of a plurality of polarizing vectors are equalized as against the direction of the driving
electric field applied, thereby stabilizing the detection signal with respect to the angular velocity applied.

[0041] Preferably, the crystalline structure of piezoelectric thin film 41 is a rhombohedral structure or a tetragonal
structure, and the (001) face thereof is preferentially oriented in parallel with the main face of arm 1, 2. Due to the
structure, the piezoelectric characteristic of the piezoelectric thin film 41 will not have non-linearity to the applied voltage,
and it is possible to excecute more reliable drive of the angular velocity sensor and to detect the angular velocity.
[0042] Also, preferably for other purposes, the crystalline structure of the piezoelectric thin film 41 is a rhombohedral
structure or a tetragonal structure, and the (111) face is preferentially oriented in parallel with the main face of arm 1, 2.
Due to this structure, the piezoelectric characteristic of piezoelectric thin film 41 will have non-linearity to the applied
voltage, but the higher the voltage to be applied, higher is the piezoelectric characteristic, and it is effective when greater
driving amplitude is required.

[0043] Also, in the present preferred embodiment, the configuration described as an example is such that the driving
section is disposed at closer to the end side than the center of arm 1, 2, and the detecting section is disposed between
the center of arm 1, 2 and near the base 3. However, it is more preferable to dispose the driving section between near
the center of at least any one main face of at least either of the arms 1, 2 and near the base 3, and to dispose the
detecting section a little closer to the end of arm 1, 2 than to the first electrode 10, 12 and the second electrode 11, 13
forming the driving section. Due to this configuration, it becomes possible to lessen the admittance at the resonance
frequency in the secondary mode of arm 1, 2, thereby enhancing the stability of oscillation and ensuring higher accuracy
of the detection signal with respect to the angular velocity applied.
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(Preferred embodiment 2)

[0044] Fig. 7 is a layout drawing of a silicone substrate in the preferred embodiment 2 of an angular velocity sensor
of the present invention. In the preferred embodiment 2, same component parts as those in the preferred embodiment
1 are given same reference numerals, and the detailed description is omitted, and only differences will be described in
detail. In the preferred embodiment 2, the difference from the preferred embodiment 1 is the arrangement of the angular
velocity sensor in the silicone substrate.

[0045] In Fig. 7, orientation-flat 50 is perpendicular to the main face 5 of silicone substrate 30 of crystal orientation
(100), and also, perpendicular to <01-1> azimuth. Since the selection is made so that the lengthwise direction (Y direction)
ofarm 1, 2 corresponds to <01-1> azimuth, the driving direction (X direction) corresponds to <011> azimuth. Accordingly,
as shown in Fig. 5, <011> azimuth that corresponds to the driving direction (X direction) becomes less in variation of
elastic modulus as against the angular deflection of azimuth, and the elastic modulus is further increased with respect
to the driving direction (X direction). Consequently, the variations of resonance frequency in the driving direction (X
direction) of tuning-fork 4 is reduced to a low level, and elastic modulus itself is great. Accordingly, it is possible to
enhance the resonance frequency in the driving direction (X direction) of the tuning-fork 4, improving the reliability of
the sensitivity of detection signal with respect to the angular velocity applied, and to make the sensitivity itself higher.
[0046] In the preferred embodiments 1 and 2, the tuning-fork 4 comprising two arms 1, 2, and base 3 has been
described. However, it is also possible for the present invention to have one arm or three or more arms. That is, selecting
a crystal orientation that lessens the variation of elastic modulus as against the angular deflection of azimuth that is the
technical concept of the present invention, it is possible to lessen the variation of resonance frequency in the driving
direction and to improve the reliability of the sensitivity of detection signal with respect to the angular velocity applied.
[0047] As described above, in the present invention, an angular velocity sensor comprising an vibrator, the vibrator
is formed of a silicone substrate with crystal orientation (100) as its main face, and is further configured in that a face
nearly perpendicular to the driving direction of the vibrator corresponds to a crystal orientation where elastic modulus is
less dependent upon azimuth angle. Accordingly, even when the crystal orientation is somewhat deflected, the variations
of driving resonance frequency of the vibrator can be reduced to a low level, and it is possible to improve the reliability
of the sensitivity of detection signal with respect to the angular velocity applied.

[0048] Inthe presentinvention, as mentioned earlier, the selection is made so that the side face of the arm corresponds
to a crystal orientation where elastic modulus is less dependent upon azimuth angle. In this way, even when the crystal
orientation is somewhat deflected, the variations of driving resonance frequency of the tuning-fork can be reduced to a
low level, and it is possible to improve the reliability of the sensitivity of detection signal with respect to the angular
velocity applied.

[0049] Alsointhe presentinvention, as mentioned earlier, the side face of the arm corresponds to a crystal orientation
of (010) or (001). Thus, even when the crystal orientation is somewhat deflected, the variations of driving resonance
frequency of the tuning-fork can be reduced to a low level, and it is possible to improve the reliability of the sensitivity
of detection signal with respect to the angular velocity applied.

[0050] Also in the present invention, as mentioned earlier, the side face of the arm corresponds to <011> azimuth.
Thus, even when the crystal orientation is somewhat deflected, the variations of driving resonance frequency of the
tuning-fork can be reduced to a low level. Further, since elastic modulus itself is great, the driving resonance frequency
of the tuning-fork can be enhanced, and it is possible to improve the reliability of the sensitivity of detection signal with
respect to the angular velocity applied and to make the sensitivity itself higher.

[0051] Also in the present invention, as mentioned earlier, the thickness in the detecting direction (Z direction) of the
arm is less than the thickness in the driving direction (X direction). Thus, it is possible to reduce the thickness of the
angular velocity sensor.

[0052] Also in the present invention, as mentioned earlier, the first electrode, the second electrode, and the fifth
electrode are formed of alloy layers made from noble metal and liable-to-oxide material. Thus, the alloy layer made from
noble metal and liable-to-oxide material can improve the orientation of piezoelectric thin film such as PZT.

[0053] Also in the present invention, as mentioned earlier, the noble metal comprises Pt or Ir. Thus, the noble metal
comprising Pt or Ir can improve the orientation of piezoelectric thin film such as PZT.

[0054] Also in the present invention, as mentioned earlier, the alloy layer made from noble metal and liable-to-oxide
material is formed of Pt - Ti layer or Ir - Ti layer. Thus, the alloy layer comprising Pt - Ti layer or Ir - Ti layer can further
improve the orientation of piezoelectric thin film such as PZT.

[0055] Also in the present invention, as mentioned earlier, the first electrode, the second electrode, and the fifth
electrode are formed of Ti layer disposed at the bottom and Pt - Ti layer or Ir - Ti layer disposed at the top. Thus, the Ti
layer is in tight contact with silicone and Pt - Ti layer or Ir - Ti layer, and Pt - Ti layer or Ir - Ti layer can improve the
orientation of piezoelectric thin film such as PZT.

[0056] Also in the presentinvention, as mentioned earlier, between Pt - Ti layer and piezoelectric thin film, or between
Ir - Ti layer and piezoelectric thin film, a lead titanate layer with lanthanum (La) and magnesium (Mg) added, (so-called
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PLMT), is disposed. Thus, it is possible to expand the allowable range of manufacturing conditions for obtaining proper
orientation of piezoelectric thin film such as PZT.

[0057] Also in the present invention, as mentioned earlier, the piezoelectric thin film comprises lead titanate zirconate
(PZT), or lead titanate zirconate (PZT) type to which at least one of Mg, Nb, and Mn is added. Thus, the piezoelectric
constant of piezoelectric thin film becomes larger and the electric-mechanic conversion efficiency is enhanced, and it is
possible to improve the sensitivity of detection signal with respect to the angular velocity applied.

[0058] Alsointhe presentinvention, as mentioned earlier, one face of the crystalline structure is preferentially oriented
to the main face of the arm. According to the level of preferential orientation, the angles of a plurality of polarizing vectors
are equalized as against the direction of the driving electric field applied, thereby stabilizing the detection signal with
respect to the angular velocity applied.

[0059] Also in the present invention, as mentioned earlier, as piezoelectric thin film, the crystalline structure is a
rhombohedral structure or a tetragonal structure, and the (001) face is preferentially oriented in parallel with the main
face of the arm. Thus, the piezoelectric characteristic of the piezoelectric thin film will not have non-linearity to the applied
voltage, and itis possible to excecute more reliable drive of the angular velocity sensor and to detect the angular velocity.
[0060] Also in the present invention, as mentioned earlier, for other purposes, as the piezoelectric thin film, the crys-
talline structure is a rhombohedral structure or a tetragonal structure, and the (111) face is preferentially oriented in
parallel with the main face of the arm. Thus, the piezoelectric characteristic of the piezoelectric thin film will have non-
linearity to the applied voltage, but the higher the voltage to be applied, higher is the piezoelectric characteristic, and it
is effective when greater driving amplitude is required.

[0061] Also in the present invention, as mentioned earlier, the driving section is disposed between near the center of
the main face of at least one of the arms and near the substrate, and the detecting section is disposed closer to the end
of the arm than to the first electrode and the second electrode. Thus, it becomes possible to lessen the admittance at
the resonance frequency in the secondary mode of the arm, thereby enhancing the stability of oscillation and the accuracy
of detection signal with respect to the angular velocity applied.

[0062] Also in the present invention, as mentioned earlier, by induction coupling type reactive ion etching with use of
at least two or more kinds of gasses, a silicone substrate with crystal orientation (100) as its main face is subjected to
vertical etching to form the tuning-fork. Thus, it is possible to ensure more accurate perpendicularity between the main
face and the side of the arm.

INDUSTRIAL APPLICABILITY

[0063] The angular velocity sensor of the present invention comprises an vibrator formed of a silicone substrate with
crystal orientation (100) as its main face, which is configured in that a face nearly perpendicular to the driving direction
of the vibrator corresponds to a crystal orientation where elastic modulus is less dependent upon azimuth angle. Thus,
the angular velocity sensor of the present invention is able to lessen the variation of driving resonance frequency of the
vibrator and to improve the reliability of the sensitivity of detection signal with respect to the angular velocity applied.

Claims

1. An angular velocity sensor (51) comprising a vibrator (4),
wherein said vibrator comprises:

a tuning-fork (4) having a pair of driving arms (1, 2) and drive electrodes each formed on the respective one of
the driving arms, the driving arms resonating in a driving direction (X direction) when AC voltages opposite in
phase to each other are applied to each of the drive electrodes on the driving arms (1, 2); and

a substrate connected to the driving arms;

wherein the tuning-fork (4) is formed of a silicon substrate (1, 2) with face orientation (100) as its main face (5), and
a face nearly perpendicular to the driving direction of the vibrator corresponds to (010) crystal orientation, (001)

crystal orientation or (011) crystal orientation.

2. The angular velocity sensor (51) of claim 1,
wherein said vibrator comprises:

a driving section comprising:

thetuning-fork (4) having first to fourth electrodes and first and second piezoelectric thin films as the drive
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electrodes;;

the first electrode (10, 12) and the second electrode (11, 13) being disposed so as to be spaced apart
across a center line (8, 9) on a main face (5) of each of the driving arms (1, 2);

the first piezoelectric thin film (14, 16) and the second piezoelectric thin film (15, 17) being respectively
disposed on the first electrode and the second electrode; and

the third electrode (18, 20) and the fourth electrode (19, 21) being respectively disposed on the first piezo-
electric thin film and the second piezoelectric thin film; and

a detecting section having:

a fifth electrode 822, 24) disposed so as to be spaced apart from the first electrode (10, 12) and the second
electrode (11, 13);

a third piezoelectric thin film (26, 27) disposed on the fifth electrode (22, 24); and
a sixth electrode (23, 25) disposed on the third piezoelectric thin film (22, 24);

wherein a side face nearly perpendicular to the driving direction (X direction) of the driving arms corresponds to
(010) crystal orientation, (001) crystal orientation or (011) crystal orientation;

wherein the tuning-fork resonates in X direction when AC voltages opposite in phase to each other are applied to
the third electrode and the fourth electrode; and

wherein the sixth electrode detects electric charge generated due to oscillation caused by Corioli’s force produced
in a detecting direction (Z direction) that is perpendicular to main face of the driving arms with angular velocity applied.

The angular velocity sensor of claim 2, wherein the driving arms are thinner in the detecting direction (Z direction)
than in the driving direction (X direction).

The angular velocity sensor of claim 2, wherein the first electrode, the second electrode, and the fifth electrode are
formed of alloy layers made from noble metal and liable-to-oxide material.

The angular velocity sensor of claim 4, wherein the noble metal includes at least anyone of platinum (Pt) and iridium

aIn.

The angular velocity sensor of claim 5, wherein the alloy layer is a platinum (Pt) - titanium (Ti) layer or an iridium
(Ir) - titanium (Ti) layer.

The angular velocity sensor of claim 2, wherein the first electrode, the second electrode, and the fifth electrode
comprise:

titanium (Ti) layers disposed as lower layers; and
platinum (Pt) - titanium (Ti) layer or iridium (Ir) - titanium (Ti) layers disposed as upper layer.

The angular velocity sensor of claim 7, further comprising a lead titanate layer with lanthanum (La) and magnesium
(Mg) added, (so-called PLMT) wherein the PLMT layer is disposed between the platinum (Pt) - titanium (Ti)
layer and the piezoelectric thin film, or between the iridium (Ir) - titanium (Ti) layer and the piezoelectric layer.

The angular velocity sensor of claim 2,

wherein the first piezoelectric thin film, the second piezoelectric thin film, and the third piezoelectric thin film are
made from lead titanate zirconate (PZT) or lead titanate zirconate (PZT) type; and

wherein at least one of Mg, Nb, and Mn is added to the lead titanate zirconate (PZT) type.

The angular velocity sensor of claim 9,
wherein the first piezoelectric thin film, the second piezoelectric thin film, and the third piezoelectric film are such
that one face of crystalline structures of these is preferentially oriented in parallel with main face of the driving arms.

The angular velocity sensor of claim 10,
wherein the crystalline structure is a rhombohedral structure or a tetragonal structure; and
wherein the preferentially oriented face corresponds to (001) crystal orientation.
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12. The angular velocity sensor of claim 10,
wherein the crystalline structure is a rhombohedral structure or a tetragonal structure; and
wherein the preferentially oriented face corresponds to (111) crystal orientation.

13. The angular velocity sensor of claim 2,
wherein the driving section is disposed between the center of main face of at least one of the driving arms and the
substrate; and
wherein the detecting section is disposed closer to the end of the driving arms than to the first electrode and the
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second electrode.
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Reference numerals in the drawings
1,2 Arm -

3 Base

4 Tuning-fork

5 Main face

6, 7, 46, 47 Side face

8,9 Cenier line

10, 12 First electrode

11,13 Second elecirode

14, 16 First piezoelectric thin film
15, 17 Second piezoelectric thin film
18,20 Third electrode

19, 21 Fourth electrode

22, 24 Fifth electrode

23, 25 Sixth electrode

26, 27 Third piezoelectric thin film
30 Silicone substrate

31, 50 Orientation-flat

40 Lower electrode layer

41 Piezoelectric thin film

42 Upper electrode layer

43, 44, 45 Resist

50 Angular velocity sensor
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